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Mesoscale Temperature Fluctuations and Polar Stratospheric Clouds
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Using both remote sensing measurements of temperature fluctuations on isentropic surfaces and in-
Situ measurements, we show that even high resolution tragjectory calculations seriously
underestimate the rate of change of temperature experienced by air parcels. Rapid temperature
fluctuations will affect the activation of polar stratospheric cloud (PSC) droplets. Mesoscale
temperature fluctuations are large enough to produce significant departures from equilibrium in
established PSCs. Together, the enhanced cooling rates and departures from equilibrium provide a
new view of denitrification and dehydration: after activation of nearly all condensation nuclel to

form a PSC, mass can be redistributed to arger aerosols during the evolution of a PSC.

Introduction

Polar stratospheric clouds (PSCs) are important to stratospheric chemistry, especialy the chemistry
involved in polar ozone depletion. PSCS are usually grouped into two categories: Type | PSCS
occur at temperatures colder than the condensation point of nitric acid trihydrate (NAT), have parts
per billion of condensed material, and consist of NAT, other phases of nitric acid and water, and
possibly other species. Type Il PSCS occur at temperatures colder than the frost point, have parts
per million of condensed material, and consist mostly of ice. This paper discusses the impact of

mesoscale fluctuations on the nucleation and evolution of both Type | and Type Il PSCs.

The nucleation of PSCs depends on the rate of change of temperature, as well as the temperature

itself [Toon et al., 1989; Salawitch et al., 1989; Drdla and Turco, 1991]. A rapid temperature




reduction as an air parcel cools across the threshold for forming a PSC will favor nuclcation on all
cexisting p articles, while a slow temperature reduction will favor the growth of only the larger
preexisting particles. Wc show here that the rate of change of tcmperature is scriously
undcrestimated by trajectory calculations. ]n fact, the ratc of change of tcmperaturc is strongly
influenced by fluctuations on scales smaller than 1 O km. In contrast to the rate of tetaperature
change, trajectory calculations doreproduce most of the magnitude of temperature fluctuations,

exeept in mountain wave events.

The supersaturation of a condensing specics responds differently 10 temperaturc fluctuations faster
than a characteristic rclaxation time than 10 slower fluctuations. Using high spatialresolution
temperature measurements along With scaling laws, wc show that the smalltempcerature fluctuations
at short time scales can alter the size distribution of aerosols in cstablished PSCs. This could
enhance denitrification and dehydration if there is also a diffcrence in the stability of some particles,
such as the difference between nitric acid trihydrate and a metastable phase, Although a full
microphysical model will be nccessary to quantify the effects of mesoscale fluctuations on
denitrification and dehydration, the brief treatment presented here demonstrates that small but rapid

temperaturce {luctuations canalter the cvolution of a PSC.

Temperature Profiler Measurements

Mesoscale temperature fluctuations in the lower stratosphere have been measured by the Microwave
Temperature Profiler (MTP) aboard the NASA ER-2 aircraft. The MTP measures air temperature
over an atitude region extending from approximately 2 km below to 3 km above the aircraft
[Denning et al,, 1989]. Exccllent measured correlations during dives and ascents between the
temperatures derived from MTP data and in situ temperatures give a very high degrec of confidence

that the MTP data accurately represent air temperatures above and below the airplane. The




measured temperatu re profi les can be converted to cross sections showing the altitude of potential
temperature surfaces. If the ER-2 isflying parallel to the wind, then such cross sections represent
the actual altitude and hence temperature excursions experienced by air parcels undergoing
adiabatic heating and cooling. Typical wave amplitudes are 0.S K over water and 1.6 K over land at
altitudes near 20 km {Gary, 19S9; Bacmeister et al., 1990]. Figure 1 shows anexample of MTP

data for an ER-2 flight from Californiato Maine.

It is evident in examples such as Figure I that the heating and cooling rates are much larger in the
finely resolved data than for the curve, which is smoothed to the resolution of typicaltrajectory

calculations. IFor the data in Figure I, the mean absolute value of the cooling rate is> 200 K day-t
for the data at full resolution, -23 K day-1 when smoothed to 200 km resolution, and -12 K day-!

when smoothed to 400 km resolution.

Power Spectra

The spectral density of measured temperatures shows the importance of small scales to the rate of
change of temperature. Since mesoscale motionsin the stratosphere are approximately isentropic,
the desired quantity for computing temperature fluctuations is the spectra] density of temperature at
constant potential temperature. Except for the limited amount of MTP data used here, we are not
aware of any high resolution data sets of temperature at constant potential temperature. The Global
Atmospheric Sampling Program (GASP) provided one of the most extensive sets of data for
computing spectral densities (Gage and Nastrom, 1986; Nastrom €t al., 1986]. GASP potential
temperature spectral densitics were obtained along the flight paths of commercial airliners. Since
arliners fly at quite constant pressure during flightlcgs, the measured spectra of potential

temperaturc are approximately equal to the spectra of temperature at constant pressure, except for a

scale factor ((~ 000/p)-286)2 where p is the flight pressure in mbar.




Figure 2 shows the spectral density of temperature fluctuations versus length scale for the M TP and
GASP data. Also shown on Figure 2 arc spectra of in-situ temperature measured on the 1:R-2 for
three cast-west flights [Scott et al., 1990]. Thereis agreement between the GASP and ER-2 datain
gpite of different flight altitudes (9 to 14and 18 to 21 km, respectively). in gencral, the spectra
densitics Of temperature at constant pressure (as il the GASP data) are notnecessarily cqual to the
spectral densitics at constant potential temperature (as in the MTP data). However, the spectral
densities in Figure 2 arc similar for a]l.three methods, lending some confidence that GASP data can
be used tosupplement the ER-2data. The ER-2 in-situ data fall off morc rapidly at high
frequencics than the other data, 1t is not clear whether this represents a real difference
corresponding to the way the data were acquired or if the diffcrence is instrumental, A small
amount of noise in the MTP and GASP data could account for the differcnce. Aircraft altitude
“bobbing” may also affect the high frequency cnd of the spectrum. A more detailed trcatment of

the MTP-based spectral densities is underway (B. Gary, manuscript in prep.aration).

Two general properties of spectral densities arc of intcrest here. First, the integral of the spectral
density @ between two frequencics is cqual to the contribution of those [requencies to the variance
of the data. Second, the spectral density of the time derivative of atime varying signal isjust gy,
where m is the frequency [Tolstov, 1962). A conscquence of the derivative properly is that small
scales dominate the rate of change of temperature if the slope of the spectral densi ty of temperature
fluctuations is greater than -2, whereas large scalcs dominate if the slope is less than -2. A variety
of data shows that atmosphcric spectral densities in the lower stratosphere have slopes between -1.6
and -3, with slopes commonly ncar -S/3 @ horizontal scales of Icssthan 800 kdn [Gage and

Nastrom, 1986; Murphy, 1989]. Obscrved slopes near -2 imply that «// spatial scales contribute

significantly to the ratc of change of temperature for air parcels. The abscissa of Figure 2 canbe




converted between wavenumber and angular frequency by using the wind speed.

FFigure 2/ shows the spectral density of the spatial derivative k24, where & is the spatial frequency.
The spectral density of the derivative shows a clear peak at synoptic scales. A wind speed i/ 1s
needed to transform 2@, the spectrum of the spatial derivative, to w2® = k242 | the spectrum of
the time derivative. An average wind speed of 24 ms-tis used for the GASP data [Nastrom and
Gage, 1985]. Average observed winds for each flightleg, ranging from 19 to 50 ms-!, are used for
the ER-2 data. By integrating under the spectra in Figure 2, we obtain estimates of the mean
fluctuations of the temperature and the derivative. Results arc shown in Table 1. Most of the rate

of change of temperaturc comes from wavenumbers above 0.1 km- 1, or wavelength.s of less than 60

km.
Table 1. Temperature fluctuations by length scale
Wavenumber Range
0.0004-0.01 km-! 0.01-0,04 kmr-! 0.04-0,1 km-! 0,2-0.4 km-!
Temp. Fluctuation 42 K 0.7K 0.4 K 03 K
Rate of Change 19 K day-! 30K day-! 51K day-! 140 K day-!

Note: Contributions from more than onc range should be added as the squate root of the sum of
squares.

Trajectory calculations using operational meteorology models will reproduce temperature
fluctuations up to the highest spatial scale resolved by the model, A very high resolution (1213)
model can resolve spatial frecquencies k = 2/A up to about 0.06 km-I [Laprise, 1992] and a lower
resolution model with 100 km grid spacing up to k = 0.03 km-!. The actual frequency limit will be
less because numerical models arc strongly damped near their upper frequency limits. ‘1’ able 1
shows that although atrajectory based onan operational model can capture most of the magnitude

of the temperature fluctuations, such trajectories do not reproduce the instantaneous rates of cooling




and heating shown by the observations. The obscrvedrates of temperature change are much faster

than even the fastesttcmperature oscillations in Drdlaand Turn) [ 1901 ], whose scenarios covered

oscillations with periodsof 1to 5 clays.

Cooling Rates During PSC Formation

The microphysics of aerosols sets the rangcof frequencics to be considered in plots like [hose in
Figure 2. Two time constants arc of interest for PSCs: the time to significantly change patticle
diameters and the time to add or significantly change the partial pressure of the condensing spccics.

A simplified mass transfer equation is

dm/dt = 4raD fp 4 D

where m is the mass of a single aerosol particle of radius a, D is the diffusion constant of the

condensing spccics, 3= 1/(1+4 Kn/3)isthe transitional corrcctionfactorof the Knudsen number
Kn, and Pa = (pg - py)M/RT is the partial density causcd by the diffcrence between the partial

pressure and vapor pressure Of the condensing specics. At PSC conditions. Equation (1) is

acc urate to about 20°/0 compared to a full trcatment of mass transfer [Wagner, 1982]. If p,is

approximately cons tant, then an aerosol particle will grow in radius by V2 or evaporate completely

inatime

Ty = 2nadpy /(dm/dl) = a2p /2D fp 4 2

where pp isthe density of the particle.  Conversely, if @ and the temperaturc are approximately

constant, then the partial pressure will relax exponentially to the vapor pressure with a lime constant
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Ta = pa/(N(dm/dt)) = 1/(4maD BN) (3)

where N is the number density of aerosol particles. Qualitatively, Tpand Ty show that when
particles are small, they grow quickly in aproportional sense but gas phase concentrations change
slowly. When the departures from equilibrium pa arc large the particles grow or evaporate quickly,
but the gas phase time constant is unaffected until the particles change size. If T, anti 1, are

comparable, then the partial pressure of the condensing species and thc aerosol size change

simultaneously in a more complicated manner,

We separate a discussion of T, and Tg into time scales appropriate to PSCS as they start to form and

once the PSCS are established. Growing aerosol particles will essentially integrate out temperature

fluctuations on time scales much shorter than Tp. Therefore, theinitial size distribution of aPSC
will be determined by the cooling rate over a time of order 1, after the condensation point is
reached. For aforming Type | PSC with P4 equivalent to 2,4 ppbv of HNO3, p=50 mbar,and a =
0,2 um, 1, isabout 60 rein, using a diffusion coefficient for nitric acid D = (0.0077 /p)(T/200)1.75
m2s-1 where p is in mbar. At awind speed of 24 m s-| the maximum spatia frequency is about
0.07 km- tand the corresponding rate of temperature change due to all larger spatial scalesis greater
than 50 K day-! (Table 1). The assumed wind speed partially cancels out of this derivation: a

higher wind spced implies a smaller maximum spatial frequency but a higher cooling rate for a

given spatial frequency, For a spectral density & that varies as k-2 the cooling rate scales as i,

An analogous calculation for aforming Type 11 PSC with Pa equivalent to 0.2 ppmv of 11,0 and

a=0.9 pumyiclds T, = 7 min. During PSC formation, T, and Tg arc comparable; hence, the




supersaturation and acrosol size change simultancously. This complicates the interpretation of the

ratc of temperature change over the period Tp, but will notalter the conclusion that ypical cooling

ratcsarc > 50 K day-1 over the lime it takes to establish the initial size distribution.

Supersaturation in Established PSCs

The time constants Tyand Tyare very different for an cstablished PSCthan they are during the
initial condensation.ForaType | PSC with N =8 cm-3, and a = 0.35 jum, T, is about 23 min. For
a Type 11 PSC with N = 4 cm-3,and a = 2 jum, Tgis about 80s. Inboth cases, Ty >> 1, so gas
phase responds more quickly (ban the patticles. This isdue to the increased surface areain an

established PSC and the reducedamount of gas phase material present after condensation. Time

scales for both forming and established PSCS arc shown in Table 2.




Table 2. Sample Time Constants for Mass Transfer

Forming PSCS

T N a  Condensedi s To Ag* 1, [dT/dY
K cm3 pm mn. kmmm., K day-1

Typel 1941 8 02  06pbv 08

24 ppbv) 68 86 60 &
Typell  188.0 4 09 02  ppmv § ppby) 68 86 60 g

.04 (0.2 ppmv) 57 7 >100

Established PSCs

T N a Condenscdf 1, Ay Is] 21, @ |3
K cm-3 pm mn  km. " hr
Type | 1931 8 035 4.2 ppbv 23 33 vy )
T , : : ; 33 0.45(0,8ppb
Type 1 191.0 8037 55 ppbv 21 30 045 Eo_z {Zﬁbii éﬁ
Type Il 185.4 4 2.0 20 ppmv 13 2 0035(0. 1ppmv) 2

F Amount of condensed FINO; or H,0 as derived from number and Tadius assuming a O, [
radius nonvolatile core,

* Assuming a wind speed of 24 m s-1.

All calculations at 50 mbar.

Over times much larger than 1, the gas will have time to respond to the temperature by condensing
onto or evaporating from the particles, For times Icss than 1, the gas phase cannot stay in
cquilibrium with the particles. Wc define IME as the typical temperature fluctuation over time
scales too short for the gas phase to stay in cquilibrium with the PSC particles. By integrating from
the right in Figure 2a or Table 1 we obtain (AT, ~ 0.6 K for the Type I PSC conditions and TAT[&
~ 0.2 K for Type Il PSC conditions. Temperature fluctuations with periods near T, contribute most

heavily to the supcrsaturation since fluctuations over very short times are quite small.

An approximate method to estimate the mean absolute supersaturation S = pe/p, - listosimply

multiply P\_I| ¢ by the slope of supersaturation versus temperature y. However, the spectral density




of the supersaturation can be found analytically under the assumption that the temperature

fluctuations arc small ecnough to lincarize the vapor pressure py = Ypvo(T=To). 1 the temperature

dots not cross the condensation point, then the response of the supersaturation to the temperature is
alincar system and will respond independently to the Fourier components of the temperature

fluctuations. Under linear conditions, the response to a temperaturc perturbation AT(1) = Ay cikv is

(t) = YAkeikx(-ikutyt/(1 +ikutyt)). The spectrum Of supersaturation follows as

Dy = y 2D k2u2 Ty2/(14k2u2 T,2) “4)

where Psis the spectral density of supcrsaturationand @y is tile spectral density of temperature.
With a change of variables, Iiquation 4 is familiar to clectrical engincers. IFigure 3 shows

d(s2)/d(In(k)) = kPs evaluated for Type | PSC conditions. By plotting A®s , the contributions of a
frequency band to the variance s * isvisually equal 10 the area undcr the curve when using a

logarithmic scale for the independent axis. For Type | PSCs, most of the variance is duc to
wavelengths of -100 km. FFor Type I1 PSCs, most of the variance is duc to wavelengths of -10 km.
Equation 4 is not accurate for frequencieslessthan about 0,02 km-lbecausc the linearity
assutnption fails for large amplitude perturbations. However, these frequencics contribute little to

the supersaturation.

The mcanabsolute value of the supersaturation can be solved analytically for the special case when

O = hk-2 (Figure 2a), In that case, Lquation 4 may be integrated over all wavenumbers to yield

] = yafbTeum 12 (5)
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where bisa scaling factor. Although the distribution is not nccessarily gaussian, |s| is analogous to

the standard deviation of supersaturation. For this special case, the deviation increases with the
squarc root of the averaging time, justasinarandom walk process, The values of |s]in the
remainder of this paper were obtained by numerically integrating Equation 4 using the fit to

shown in Figure 2. Our fit to @ uscs a Slope of -5/3 between 0.0006 km-tand 1 km-!, a slope of

-3 above 1 km-!, and an added gaussian centered near 0.002 kmr-1.

Discussion
PSC formation

Small but rapid temperature fluctuations dominate the rate of temperature change over the time
scales that definc the initial aerosol size distribution for both Type | and Type 11 PSCs. Typical
cooling rates over the appropriate t ime scalesarc > 50 K clay-1. The rates of temperature change
considered here, which involve cooling and heating about a slower cooling trend, arc not exactly
analogous to those in most microphysical models, which usually presume monotonic cooling. An
cxception was the model of Drdla and Turco [ 1991], but that model didnot include temperature

fluctuations with periods Icssthan afcw hours.

Such large rates of tcmperaturc change mean that there is very little discrimination bctween
condensation nuclei (CN).Wofsy et al. [1990] found that cooling rates of more than about 1 K
day- ! produced particles too small for substantial scdimentation. Even with some particles serving
as preferential nucleation sites, the observed rates of temperature change during PSC formation arc
too large for significant preferential growth of those particles. Some preliminary model calculations

using preliminary M TP observations of mesoscale temperature fluctuations showed that al of the
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condensation nuclei are activated in most cases (1. Poole, unpublished results, 1989). Dye et al.

[1990] found number densitics of aerosolsinside a Type 1 PSC as large or larger than the CN
number density outside the cloud. As a possible explanation, we suggest that rapid temperature
fluctuations during cloud formation activated CN smaller than those measured by the CN
instrument. Rapid temperature changcs may also promote the formation of metastablc phases in
Type 1 PSCS, such as liquid solutions [Hanson, 1990; Luo et a., 1994], nitric acid dihydrate
[Worsnop, 1993], or amorphous NAT [Kochler et al., 1992].

Istablished PSCs

AsaPSC isforming, temperature fluctuations will tend 10 cause many small particles. However,

the effect of temperature fluctuations is different on an established PSC. ‘1’ hen, temperaturc

fluctuations can transport mass bctween acrosols. The transient supersaturations |s| arc

surprisingly large, over 40% for Type | PSC conditions and 3.5% for Type 11 PSC conditions
(Table 2). If anything, the fit to GASP data taken at -11 km undcrestimates the supersaturations in

PSCS because some mesoscale motions, such as gravity waves, amplify with altitude.

These transient supcrsaturations can help resolve the difficulty pointed out by Toon et al. [1989].
‘1'heir calculations showed that denitrification was difficult to reproduce in amicrophysical modcel,
even with dehydration. At synoptic scale cooling rates, nitric acid {cnds to be deposited on aerosols
too small to sediment out, At that point, the nitric acid islocked into the acrosols and is unavailable
for transfer 10 any icc particles that form later, even though it is thermodynamically favorable for the
nitric acid 10 move to the larger and more dilute particles. Turcoetal. [ 1 989 found that
denitrification was possible only for a limited range of cooling rates. A later calculation by Toon et

al. [1990] showed that an air parcel nceded to spend over aweek inal'ype  I'SC for
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denitrification. Dehydration in Type I PSCs probably takes at most a fcw days [Kelly et al., 1989].

Mecsoscale temperature fluctuations can change this situation, since they are very effective in
producing supcrsaturation. These deviations from equilibrium are substantial and offer a way for

nitric acid or ice to move between particles. During each cycle of warming and cooling, a small

amount of each particle evaporates and recondenscs. The vapor can diffuse a distance of order A 1D

during the warm period. Even for ¢ <10 minutes, there arc hundreds of particles within this
distance. If some particles are thermodynamically mom stable then others, then during each
temperature cycle, alittle css will evaporate and a little more vapor will condense than on Icss stable
particles. An approximate time scale for altering the agrosol size distribution is 21, evaluated for
the conditions of the moderate supersaturations generated by mesoscale temperature fluctuations
(the factor of 2 isto allow for half the time each warmer and cooler than cquilibrium). In aType |
PSCat = 193 K, transient supcrsaturations of 40% can alter the size distribution in less than 1 day.
At 191 K, altering the size distribution takes longer, about 3 days, because there is less vapor to
transfer at a given supersaturation. The corresponding time for altering aerosol size in a Type 11

PSC at 3.5% supersaturation is only hours (Table 2).

An accelerating change in size distribution can possibly take place if some of the particles arc more
stable than others by an amount greater than the transient changes in saturation. In that case, the
more stable particles can take up vapor even as the Iess stable particles evaporate during awarming
cycle, After many cycles, some of the less stable particles can evaporate completely to the
nonvolatile cores. As particles get bigger but fewer, total acrosol surface area decreases and Tg
increases. With larger 1, , the supersaturations produced by mesoscale temperature fluctuations

may get larger and the alterations in the size distribution may accelerate.
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'T'his paper dots not addrcss the reason w/ty some particlcs may be more stable than others. Indecd,
the Airborne Arctic Stratospheric Expedition (AASIE) data show that temperature fluctuations
cannot be the only factor controlling nitric acid vapor pressure. Temperature fluctuations should
result in supersaturation and subsaturation with about cqual frequency, but AASL observations
found that supersaturations with respect to NAT were much more common than subsaturations
[Kawa et al.,1992]. The nitric acid vapor pressurc was probably controlled by some other phase
than NAT [Hanson,1990; Koeller et al., 1 992, Worsnop,l 993; Luo ¢t al.,1994]. Dye et al.

[ 1992] and Larsen [1994] proposed that the formation of NAT or amctastable phase could depend
on whether some or all of the sulfuric acid condensation nuclei were frozen instead of supcrcooled.
Mesoscale fluctuations cause temperature fluctuations so rapid that other CN may be activated even
in the presence of a subset of frozen sulfuric acid nuclel. However, (hose frozen patticles would

provide highly favored sitcs for mass transfer as the PSC evolves,

There arc considerable unccrtaintics in the estimates of transient departurcs from equilibrium vapor
pressure, The estimates of 45% for Typce | and 3,5% for Type I PSCs arc bascd on a linear
approximation, More accurate estimates could be made by imposing mesoscale temperature
fluctuations on a detailed microphysical model. The obscrvations for temperature fluctuations arc
also sparse in the lower stratosphere. There arc only a handful 1:R-2 {lights parallel to the wind,
and the large GASP data sct was collected at lower altitudes than PSCs. Finally, the characteristic
temperature fluctuations used for this discussion arc based on the average of the entire GASY data
set, even though there arc definite diffcrences in the amplitude of temperature fluctuations above
land and water [Gary, 1989; Nastrom et a., 1987]. Wind speeds arc also systematically larger
along the edge of the polar vortex than near the center. Besides the obvious difference that the edge
of the polar vortex is warmer than the center, the difference in wine] speed could causc a systematic
difference in the microphysics of stratospheric dehydration and denitrification between the edge and

center of the polar vortex. The onc flight showing as an outlier in Figure 35 did not have especially
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large temperature fluctuations. Instead, it was aflight along the edge of the vortex (Feb. 20, 1989)

that cncountered 50 ms - ! winds.

01(1.sidethe Sratosphere

Dehydration at the tropical tropopause will have time constants similar to the PSC Type | case
shown here, so temperature fluctuations may be important to tropical dehydration. Because most
tropospheric clouds have more condenscd and gas phase mass, the time scales Ty and Ty are both
shorter in the troposphere than in the st rat osphere. The mean supersaturat ion becomes very small
but the mass transfer between aerosols is faster at a given supersaturation. These two effects
roughly canccl so the time for redistribution of mass remainsin the range of few hours to days for

upper tropospheric clouds just asin PSCs. For example, a calculation for the high tropical clouds

reported in Knollenberg et al. [1993] yiclds Ty =~ 12sand |s|= 0.7%. Even so, the time to transfer

mass between aerosols remains well under a day. These estimates are extremicly uncertain because
they involve extrapolating the spectral densitiesin Figure 2 and the spectral densities may roll off at
higher frequencies. Politovich and Cooper [1988] calculated the spectral density of supersaturation
duc to turbulence in cumulusclouds. The mean departure from equilibrium was found to be a fcw
tenths of apercent, which may be sufficient to broaden the droplet size distribution [Paluch, 1971].
The importance of mesoscalc fluctuations in the troposphere will be limited on occasions when the
supersaturations produced by other mechanisms arc larger than those from the temperature

fluctuations
Jensen and Thomas [1994] found that temperature fluctuations caused by gravity waves

significantly affect the albedo of noctilucent clouds. There, the effect is to suppress cloud

formation because the exponential dependence of the 1120 vapor pressure versus temperature
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causes more evaporation in the warm phasc of awave than condensation in the cold phase. Wc
haveinvestigated the magnitude of this slowing in growth for Type. | PSCs by comparing the
growth rate at constant temperature o a growth rate with gaussian fluctuations. A standard
deviation of 0.85 K was adopted to correspond to conditions away from mountain waves. The
cffect 011 the growth ratc was on] y significant if average temperatures were within about 1 K oft he

condensation point.

Conclusions

Mesoscale temperature fluctuations may have important effects on the microphysics of PSCs. The
large rates of tempcrature change implicd by observations suggest that most and perhaps all of the
available CN will be activated when a PSC first forms. Temperature fluctuations may also affect the
formation of metastable phases. Once PPSCs arc formed, temperature fluctuations a different time
scales have gualitatively different effect s. A L times longer than a characterist ic relaxation timc for

the condensing vapor T,, condensationand evaporation canmaintainsupersaturations near zero and
temperature fluctuations result in changes inthe partial pressure of the condensing specics. At
scales shorter [ban T, the condensing specics cannot respond quickly and temperature fluctuations
producc departures from cquilibrium. Transient supersaturations have mean absolute valucs over
40% in Type | PSCs ant] about 3.5% in Type 1l PSCS. Previous models of PSC microphysics,
which have only considered time scales longer than Ty, could not have included the effects of these
brief fluctuations. One of the intentions of this paper is to stimulate detailcd microphysical

modeling that includes the different cffccts of temperature fluctuations on time scales both longer

and shorter than Ty

The conventional view for denitrification requires the activation and growth of a small fraction of
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CN in order for the nitric acid to accumulate onto particles large enough to fall to lower altitudes. A

variety of explanations have been offered for why some CN are preferred, but all the explanations
require cooling rates slow enough for preferential activation to occur. The hypothesis presented
here isthat cooling rates are usually large enough for the activation of all CN, but temperature
fluctuations on short time scales redistribute the aerosol mass to the most stable particles as the
PSC evolves. This mass redistribution could bc rapid: less than a day to a few days for Type |
PSCsandless than aday for Type Il PSCs. If coupled with a mechanism to explain why some
particles arc more stable, temperature fluctuations offer an explanation for the apparent rapidity of

denitrification and dehydration which has been difficult to reproduce in models.
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Figure captions:

Figure 1. Temperature of the 490 K isentropec measured by the Microwave Temperature Profiler

aboard the ER-2 on November 2, 1991 smoothed to a resolution of 5 km. The right hand scale

shows the corresponding altitudes. The data smoothed to include only wavelengths longer than 200

km is aso shown (displaced 2.5 K for clarity). Although the smoothed data prescrves the

magnitude of the temperature fluctuations, it dots not capture the rate of change. For these data, |'d—T~/Tt|

isover 200 K day-! at full resolution and 23 K day-! when smoothed.

Figure 2. (@) Spectral density of observed tcmperature fluctuations for the GASP data (symbols),
MTP data on the ER-2 (solid lines), and ER-2 in-situ data (dashed lines). A fit to the GASP data at
low frequencies and the ER-2 in-situ data at high frequencies is aso shown (thin line). (b)

Spectral density of the spatial derivative of temperature fluctuations. MTP data are from flights
881231890221,911102, and two legs of 940204. In-situ data are from flights 881231,890220,
and 890221. The fit isdisplaced afactor of 10 for clarity.

Figure 3. Contribution to the variance of supersaturations by wavenumber for the GASP data
(symbols), MTP data on the ER-2 (solid lines), and ER-2 in-situ data (dashed lines). The plot is of
ks sp that the variance of the supersaturation is proportional to the visua area under the curve.

These data were not taken in PSCS but rather represent the supersaturation in a PSC for
representative temperature fluctuations. («) Type | PSC conditions. (b) Type 11 PSC conditions.
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Figure 1. Temperature of the 490 K isentrope measured by the Microwave Temperature Profiler

aboard the ER-2 on November 2, 1991smoothed to a resolution of 5 km. The right hand scale

shows the corresponding altitudes. The data smoothed to include only wavelengths longer than 200

km is also shown (displaced 2.5 K for clarity). Although the smoothed data preserves the

(W) epminy

magnitude of the temperature fluctuations, it dots not capture the rate of change. For these data, [dT 7 di]

isover 200 K day-!at full resolution and 23 K day-! when smoothed.
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Contribution by Wavenumber to Supersaturation Type
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